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A B S T R A C T
Vibration isolators are used in launch vehicles to protect sensitive electronic equipments
from the rigors of ﬂight structural vibrations during the lift-off and ascent phase. Failure of
one such vibration isolator made of AISI 304 is reported in the present study after ground
level testing has been completed. The vibration isolator had a crack of length
approximately 42 mm at the fore end corner. Detailed optical and scanning electron
microscopy was conducted on the failed vibration isolator to understand the reasons for
cracking. Finally, it was concluded that micro cracks formed during the deep drawing
operation (due to large strains at the fore end corner) propagated during vibration testing
resulting in the failure of the body of the vibration isolator.
 2014 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
In a launch vehicle, vibration isolators are used to protect sensitive electronic equipments from the rigors of structural
vibrations during the lift-off and ascent phase. Passive elastomeric isolators are preferred over active ones, due to their
simplicity, tailorability and ease of fabrication. Silicone rubber is used in these applications due to its excellent chemical and
environmental resistance, very good damping/isolation characteristics, easy compound modiﬁcation and good aging
resistance [1]. For a given load rating and conﬁguration, stiffness and damping of the isolators are tailored to meet the
functional requirements.
Failure of a vibration isolator installed on a launch vehicle proto assembly was reported after vibration testing. The
vibration isolator consists of a silicone elastomer molded insert with a stainless steel AISI 304 pin that was co-molded and
encapsulated in a metallic body and closed at the bottom with a closure. The above said failed component with crack at the
fore end corner was studied. Further, untested and successfully tested vibration isolators were also given for the purpose of
comparison. This paper brings out the observations on the failed vibration isolator to ascertain the cause of failure.
2. Fabrication of vibration isolator
The body of the vibration isolator is made up of AISI 304 stainless steel. Deep drawing process was adopted for the
fabrication using three dies and two punches. Initially, the material was drawn by 15 mm using the ﬁrst die and punch set.* Corresponding author. Tel.: +91 471 256 3628; fax: +91 471 280 5048.
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and the draw length, a third die and second punch were used. Blanks of size 200 mm  200 mm  0.8 mm thickness were
used for the fabrication of vibration isolators. The deep drawing was carried out on hydraulic power press (100 T capacity)
operated manually. No lubricants were used during deep drawing operations. Further, no annealing operation was
conducted either before or after the deep drawing operation. Raw materials used for the fabrication, untested and un-failed
vibration isolators were also analyzed for the purpose of comparison.
3. Experimental
The chemical composition of the failed vibration isolator corresponds to AISI 304 and has the composition (in weight
percentage): 0.06 C, 0.25 Si, 0.004 P and S, 0.93 Mn, 17.6 Cr, 8.0 Ni and balance Iron. The failed vibration isolator was
subjected to visual observations. The chemical composition of the isolator body was analyzed using a Niton GOLD D+ model
portable X-ray ﬂuorescent spectrometer. The fracture surface was carefully sectioned using a Buehler slow speed precision
saw for further observations of the fracture surface. The fracture surface was observed in a Carl Zeiss EVO50 environmental
scanning electron microscope attached with an energy dispersive spectrometer (EDS). For the purpose of optical microscopy,
the specimens were mounted in Bakelite and were conventionally polished using a series of emery papers and ﬁnish polished
with a one micron diamond paste. The freshly polished specimens were etched electrolytically using 10% oxalic acid in water
to reveal the microstructure. The specimens were viewed in a Olympus (GX71 model) optical metallurgical microscope and
photographs were recorded. The hardness of the material was measured using a clemex make digital microhardness tester.
The ferrite number which indicates the quantity of magnetic phase present in the steel was measured using a Ferritescope
(Fisher). For evaluating the mechanical properties of the material, standard ASTM sub-size specimens were fabricated from
0.8 mm thick sheet specimens with a gauge width of 6.25 mm and a gauge length of 25 mm. The specimens were tested in an
Instron servo hydraulic testing machine.
4. Observations
The chemical composition of the failed vibration isolation body corresponds to AISI 304 austenitic stainless steel. The
chemical composition in weight percentage is: Cr-16.9; Ni-8.29; Mn-1.15; V-0.078; Mo-0.1 and Fe-Balance. Fig. 1 shows the
cracked vibration isolator with the elastomer in place. Visual observations were carried out on the failed vibration isolator.
The cracked vibration isolator had a crack of length approximately 42 mm at the fore end corner. The crack was wide at
center and had a zig-zag proﬁle (Fig. 1). About 10 mm from the top of the body where crack was noticed, there exists a
circumferentially dull region, due to severe plastic straining. Below, it is bright and shining. Inside surface has die marks
along the height of the body.
Fig. 2 shows the full body (Fig. 2(a)) of the vibration isolator along with the close up view of the crack (Fig. 2(b)). It can be
seen from Fig. 2(b) that the surface at the location of the cracks has a mat ﬁnish showing plastic deformation. The cracked
portion at the fore end corner was sectioned carefully in a Buehler make Isomet slow speed saw. Fig. 3(a) shows the low
magniﬁcation scanning electron micrograph of the cracked surface showing zig-zag crack path and Fig. 3(b) shows theFig. 1. Vibration isolator assembly with molded insert in place.
Fig. 2. (a) Cracked vibration isolator body and (b) close-up view of the same showing zig-zag crack path and matted surface ﬁnish near to the corner area.
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locations along the crack length. These microcracks could be seen along the periphery of the crack and parallel to the main
crack. Fig. 4 shows the scanning electron micrograph of the surface cracked vibration isolator showing dimples throughout
the surface. Dimples are shallow and are elongated indicating that the microstructure is highly deformed at the location of
failure. Fig. 5 shows the optical microstructures of the 0.8 mm thick raw material sheet taken on the surface which was used
for the fabrication of vibration isolator. The microstructure shows typical austenitic grains with twins on the surface of the
material. The polished and etched cross section (Fig. 5(b)) shows strain markings along the direction of rolling indicating that
the sheet has not been fully annealed.
Fig. 6(a–f) shows the optical photomicrographs obtained from base, top ﬂange, middle of the body and top of the body and
near to crack on both sides of the body and ﬂange of the cracked vibration isolator. The presence of deformation induced
martensite at middle and top of the body of the isolator with the original grains deformed during the deep drawing operation
can be clearly noticed. During deep drawing operation, the material is subjected to loads beyond the yield strength of the
material to induced shape change. The strains that get introduced into the material will vary the microstructure accordingly.
In the present case, the strain introduces martensitic transformation in the material which can be clearly seen in the
photomicrographs taken along the height of the vibration isolator.
Tensile testing was performed on the raw material used for the fabrication of vibration isolators. The mechanical
properties of the specimens are: 0.2% yield strength: 353 MPa; ultimate tensile strength: 741 MPa and % elongation of 65.6.
The as received sheets were subjected to annealing at 1040 8C for 30 min and mechanical properties were evaluated. The
mechanical properties of the specimens in the annealed condition are: 0.2% yield strength: 215 MPa; ultimate tensile
strength: 672 MPa and % elongation of 73.4. The reduction in the yield strength and increase in elongation after annealing
indicates that the original material is not in fully annealed condition. Fig. 7 shows the optical photomicrographs taken at the
crack edge of the failed vibration isolator. Note the presence of deformation induced martensite and deformed grains in the
radial direction taken at two different magniﬁcations (a and b). Fig. 8 shows the photographs of the tensile tested coupons in
the as received and after annealing at 1040 8C for 30 min. The surface of the material after annealing is characterized by a
clear 45 degree fracture. Further, the higher elongation of the annealed specimens against the as received specimens can also
be clearly seen in Fig. 8. Fig. 9 shows the stress–strain curves of the tensile tested coupons in the as received and after
annealing at 1040 8C for 30 min. It can be clearly seen from the stress–strain curves that the yield and ultimate tensile
strength of the material decreases and percentage elongation improves after annealing operation.
Optical microscopic observations revealed typical austenitic structure in the raw material used for the fabrication of
vibration isolator. However, deformation induced martensite was noticed in the body of the cracked specimen (as well as
untested and successfully tested components supplied) along the height. Austenitic stainless steel AISI 304 being a
metastable steel, deformation induced martensite is expected during forming operations. Microhardness results indicate
signiﬁcantly higher hardness for the cracked specimen at the location of failure (425 VPN) compared to 338 VPN (un failed
after testing) and 387 VPN (un used). The ferrite number (FN) measurement conducted on the cracked vibration isolator near
to the crack was 22 FN. The ferrite numbers on unfailed vibration isolator at same location was 10 FN. However, the ferrite
Fig. 3. (a) Scanning electron micrograph of the cracked vibration isolator showing zig-zag crack path and (b) presence of microcracks at the location o
failure.
Fig. 4. Scanning electron micrograph of the cracked vibration isolator showing dimpled failure.
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Fig. 5. Optical microstructures of the raw material used for the fabrication of vibration isolator (a) showing austenitic grains with twins on the surface of the
material and (b) strain markings on the cross section.
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This indicates that the raw material used for the fabrication of the cracked vibration isolator is not in fully annealed
condition.
5. Discussion
Deep drawing is a metal working process used for shaping ﬂat sheets in to cup shaped articles. Usually, a clamping or a
hold down pressure is required to press the blank against the die to prevent wrinkling, which is carried out using a blank
holder. The load in deep drawing is applied by the punch to the bottom of the cup and it is then transmitted to the side wall of
the cup. Usually, failure occurs in the narrow band of material in the cup wall just above the radius of the punch which has
undergone no radial drawing, but subjected to tensile deformation [2].
The chemical composition of the failed vibration isolator corresponds to AISI 304. The dull appearance at the fore end
region and low thickness (of 0.4 mm against the 0.8 mm indicated in the drawing) at the location of crack indicates that the
deep drawing operation resulted in large strains at the fore end corner. The hardness at the location of crack is also
signiﬁcantly higher compared to the successfully tested and untested isolators. This is in agreement with the severe thinning
observed at the location of failure. The component has not undergone any stress relieving operation during or after forming.
So the presence of residual stresses is also signiﬁcant.
One of the measures of deep drawability of a material is limiting drawing ration (LDR). This is deﬁned as the largest blank
which can be drawn without tearing and is given by the ratio of maximum blank diameter to punch diameter. The ability to
be formed by stretching depends on work hardening. At the onset of necking, the material is stretched and thinned.
Therefore, maximum allowable strain at the onset of necking is an important factor in stretch forming. Limiting Drawing










































Fig. 7. Optical photomicrographs taken at the crack edge of the failed vibration isolator. Note the presence of deformation induced martensite and deformed
grains in the radial direction taken at two different magniﬁcations (a and b).
Fig. 8. Tensile tested coupons in the as received and after annealing at 1040 8C for 30 min. Note the higher elongation of the annealed specimens and 45
degree fracture against the as received specimens.
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Fig. 9. Stress–strain curves of the tensile tested coupons in the as received and after annealing at 1040 8C for 30 min.
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(which is equal to the summation of the area of F39 mm circular portion (1194.5 mm2) + surface area of cylindrical portion
(F39 mm  28 mm height = 3430.5 mm2). This value corresponds to a circular blank diameter of 76.74 mm. The calculated
LDR for the present conﬁguration based on the area drawn (for a punch diameter of 37.3 mm) works out to be 76.74/
37.30 = 2.06. This value meets the speciﬁcation for AISI 304 stainless steel [3].
Failure of vibration isolator can occur either if the die design is not proper or the raw material condition is not conﬁrming
to the requirements of deep drawing operation. Based on literature, clearance at least 10–20% of sheet thickness should be
provided between the die and punch. As per the drawing and data provided by manufacturer, the clearance is of the order of
0.125 mm which meets the requirement. The corner radius measured in failed and unfailed vibration isolator specimens
were found to vary from R1.2 to R2.0 against R2.0 speciﬁed in the drawing. The yield strength of 353 MPa was found to be
higher than the speciﬁed value for annealed condition (270 MPa yield strength). The strength values and thickness reduction
indicate a reduction in percentage elongation of the order of 40% for annealed condition to cold rolled condition. The
hardness of the blank measured is about 200 VPN. The value reported by the manufacturer is around 84 HRB which is
approximately equivalent to 164 VPN. This indicates that the raw material is not in fully annealed condition.
Strain induced martensitic transformation and its effect on the strain hardening behavior of austenitic stainless steel AISI
304 is studied [4]. Some austenitic stainless steels are prone to transformation from the metastable austenitic face-centered
cubic structure to the more stable martensitic a0 phase quadratic centered structure due to strain-induced martensitic
transformation (SIMT) [5,6]. This strain-induced martensitic transformation enhances mechanical resistance and produce
additional plastic deformation in the direction of the applied stress. In the present case, strain induced martensitic
transformation was observed (Fig. 7) at the location of crack. The thickness of the material at the location of the crack was
measured to be 0.4 mm against the raw material sheet thickness of 0.8 mm used for the fabrication of vibration isolator. This
large deformation has produced strain induced martensitic transformation near to the location of crack.
Multiple micro-cracks were noticed near to the location of crack and running parallel to the length of the crack. The zig-
zag nature of the crack path (Fig. 2(b)) indicates that these micro cracks have joined together resulting in the failure of the
vibration isolator during vibration testing. This is corroborated by the fact that many vibration isolators fabricated with the
same die set and processed under similar processing plan have been successfully used. This eliminates the possibility of
problems related to the die design or processing. However, the hardness of the material near to the location of crack along
with large thinning observed indicated that the material used for the fabrication of the component was not in fully annealed
condition. Therefore, it is recommended to use deep drawing grade material in fully annealed condition to avoid the
recurrence of such failures.
6. Conclusion
Based on the above inferences, it can concluded that micro cracks formed during the deep drawing operation (due to large
strains at the fore end corner) propagated during vibration testing resulting in the cracking of the body of the vibration
isolator. It is recommended to use the material in fully annealed condition to avoid cracking during deep drawing operations
involving no intermediate annealing steps.
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